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ABSTRACT: Shaping the electron wavefunction in three dimensions may prove to be an indispensable tool for research in-
volving atomic-sized particle trapping, manipulation, and synthesis. We utilize computer-generated holograms to sculpt elec-
tron wavefunctions in a standard transmission electron microscope in 3D, and demonstrate the formation of electron beams 
exhibiting high intensity along specific trajectories as well as shaping the beam into a 3D lattice of hot-spots. The concepts 
presented here are similar to those used in light optics for trapping and tweezing of particles, but at atomic scale resolutions. 
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1. INTRODUCTION 
The spatial manipulation of the electron wave function has 
attracted much attention in recent years. Essential tech-
niques such as computer generated holography and special 
beams carrying orbital angular momentum (vortex beams 
[1–5]), beams exhibiting self-acceleration [6] as well as 
non-diffracting beams [7] have been adapted from light 
optics and applied to electron beams, thereby enabling to 
shape electron beams with dimensions that are comparable 
with the size of atoms, i.e. at the sub-nanometer scale. 
However, up until now, all these demonstrations were spa-
tially limited to two-dimensional shaping of the 
wavefunction in a particular plane, usually the focal plane 
of the lens that forms the desired shape. In this study we 
show, for the first time, how the electron beam in a stand-
ard transmission electron microscope (TEM) is spatially 
shaped nearly arbitrarily in three-dimensions (3D). We give 
examples of an intensity distribution shaped as an Archi-
medean spiral, and a face-centered cubic-like lattice of high 
intensity, focused spots. The significance of this novel tool 
is in its applications to particle trapping and manipulation 
in a volume, and the possibility of controlled, assisted-
synthesis of single particles and aggregates. 
The spatial manipulation of the electron wave function has 
taken a leap forward recently, with nano machinery such as 
the focused ion beam playing a pivotal role in fabrication. 
Thin silicon nitride membranes are widely used as sub-
strates for electron phase manipulation, mainly due to their 
mechanical robustness, low scattering, and commercial 
availability. The authors have previously shown [8], that 
such phase masks may be engineered as computer generat-
ed holograms to create a desired, nearly-arbitrary intensity 
pattern in the diffraction plane, using an inverse Fourier 
transform algorithm such as Gerchberg-Saxton's [9,10].  
In this work, we present for the first time, the nearly-
arbitrary manipulation of the electron wave function in 3D, 
with the purpose of introducing a catalyst for research in 
particle trapping, manipulation, and even material synthe-
sis, using the TEM’s extraordinary resolution. Some meas-
ure of control over the rotation of particles in the TEM has 
already been shown [11,12], while particle synthesis using 
electron beam irradiation (not necessarily in the TEM) has 
been explored [13–15]. In his revolutionary 1970’s paper, 
Ashkin demonstrated [16] trapping and manipulation of 
particles by the radiation pressure of laser light. Since then, 
this field has evolved enormously and includes applications 
in biology, chemistry, and physics [17,18]. Shaped electron 
tweezers and manipulators do not only have the potential 
advantage of atomic resolution, but also the added value of 
being formed of charged particles, which may provide in-
teresting interaction dynamics with different neutral, 
charged, and magnetic particles. For example, particles 
sensitive to electric or magnetic fields may be sorted using 
correctly shaped electron beams. As such, rather than shap-
ing the beam to reform in the diffraction plane only, we 
design our holograms to yield an intensity pattern that fol-
lows a predetermined curve while propagating along the 
TEM column, or singular “hotspots”, or traps, in a lattice 
configuration. We’ve chosen two examples, based on 
methods developed in light-optics, to demonstrate this ca-
pability. 
2. BINARY AMPLITUDE MASKS 
Different authors have previously [5,6,19,20] used binary 
amplitude masks to generate off-axis vortex beams, and 
blazed gratings as phase masks to optimize off-axis diffrac-
tion efficiency [21–23]. In light optics, binary amplitude 
masks, or binary computer generated holograms, were first 
introduced by Brown & Lohmann [24]. These act as 
opaque slides with carefully designed holes, completely 
blocking or transmitting light, in such a way as to form a 
desired intensity pattern in the far-field. Similarly, in elec-
tron optics, amplitude masks have been fabricated by mill-
ing through thin platinum foils, or coating a silicon nitride 
membrane with high-Z metals and milling through them. It 
is important to remember, however, that in contrast to light 
optics, where photons may indeed be completely blocked 
by such a mask, it would take several tens or hundreds of 
microns of a high-Z metal to actually stop an electron with 
a typical energy of 200keV in a standard transmission elec-
tron microscope. Moreover, such hard-stopped electrons 
may generate extensive damage and heating to the film, 
depending on its make. Instead, thin metal films or coatings 
yield high-angle scattering related to lattice constants, 
which is the basic mechanism for all amplitude masks con-
sidered above. In electron beam shaping, we usually only 
investigate much smaller angles, as we are limited by our 
fabrication capabilities, and in that sense electron ampli-
tude masks operate in accordance with their light-optics 
counterparts. In our fabrication process, we employ, for the 
first time to the best of our knowledge, a fully standard 
electron beam lithography scheme, complete with resist,  
 Fig. 1: Illustration of the experimental setup in the TEM for shaping elec-
tron beams in 3D. (a) The illumination system creates a collimated beam 
which passes through a holographic amplitude mask. (b) As the electron 
beam propagates away from the mask, high-intensity 3D curves and pat-
terns are formed according to the design encoded into the mask and im-
printed onto the electron wavefunction. 
metal coating, and liftoff, on thin silicon-nitride mem-
branes, as elaborated on in ‎Appendix A. Our experimental 
setup consists of such masks placed in a standard TEM 
sample holder, where we observe the resulting diffraction 
pattern and the planes in its vicinity, as is illustrated in Fig. 
1. The figure shows the optical setup depicting the zero and 
first diffraction orders, where the latter are shaped as Archi-
medean spirals. 
We utilize Lee's encoding method to design computer gen-
erated binary off-axis holograms which reconstruct the 
desired wavefront in the first diffraction order [25]. This 
simple analytic method encodes both amplitude and phase 
of a desired complex wave U  into a binary amplitude 
mask using the simple formula: 
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where  /1cf  is a carrier frequency designed to recon-
struct the hologram off-axis, and determined from a grating 
of period  , and  yx,  and    yxAyxa ,,sin   are re-
lated to the Fourier transform of the object wave to be rec-
orded. In the above case, this amounts to 
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 is reconstructed in the first diffraction order. For 
the purpose of lowering the potential overlap of the extend-
ed information in the diffraction orders, we modulate along 
a diagonal grating, i.e. replace xfc2  by  yxfc 2  
above. 
3. HIGH-INTENSITY CURVES: THE 
ARCHIMEDEAN SPIRAL 
Let us now show how an electron beam can be formed to 
follow a specific trajectory in three-dimensional space. As 
an example, we consider the Archimedean spiral. The spi-
ral is parametrically defined as, 
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where t  is the normalized parameter of evolution of the 
spiral in the propagation direction ( z ), R  is the maximal 
radius in the transverse direction ( yx, ), and   is the angu-
lar frequency of rotation of the spiral. The relation between 
these values and the actual measured values in the experi-
ment depends on the focal length and numerical aperture of 
the optical system. This beam could be used to channel 
particles along a specified curve. A similar work on sole-
noid beams in light optics [26] has shown the ability to 
pull, hold, or push particles. 
For designing the computer-generated hologram, we follow 
the methods introduced in light optics by Abramochkin and 
Volostnikov [27,28] and Rodrigo et. al. [29]. In this non-
iterative technique, the beam is designed to have a high 
intensity distribution which follows a designed path 
through continuous planes along the propagation direction. 
The beam, parameterized by t , is given by 
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notation, here  ',','' zyxr 

 are the spatial coordinates of 
the Archimedean spiral near the diffraction plane, while in 
the following  zyx ,,  are the spatial coordinates in the (im-
age) plane of the amplitude mask. For this demonstration, 
we choose  75.0,0t , and normalized values for 40R  
and 20 , the final scaling of which depends on the opti-
cal setup of the microscope (see ‎Appendix B). In Fig. 2a, a 
depiction of this curve is demonstrated in 3D, and in  Fig. 
2b-h we present measured images of the first diffraction 
order taken at different planes along the propagation axis, 
where it is seen that the highest intensity (focused) segment 
of the spiral continuously changes in accordance with the 
designed curve. A real-time recording of the positive and 
negative first diffraction orders at different distances from 
the focal plane is also available online.  
 
  
  
Fig. 2: The Archimedean spiral. (a) 3D plot of the spiral. (b) Measurements taken at different planes along the propagation axis. z  is measured with re-
spect to the (focused) diffraction plane. The diameter of the spiral is roughly m455 . Contrast and brightness have been altered for visibility. 
 
4. VOLUME TRAPS: FACE-CENTERED CUBIC-
LIKE LATTICE 
Our second demonstration, also motivated by particle ma-
nipulation and synthesis applications, explores the concept 
of generating particle traps arranged as a face-centered cu-
bic Bravais-like lattice. Such traps could be used to pin 
down nano particles for observation [30], or be used to 
generate high-intensity patterns to spatially control particle 
synthesis [13–15]. With a slight change of the optical setup, 
such traps could be fabricated and measured even in the 
atomic scale. Here we employ a formalism based on invert-
ed Gabor holographic technique, proposed by 
Latychevskaya et. al [31]. In this elegant formulation, a 
point scatterer (black pixel) is simulated using a standard 
beam propagation method. The scatterer would ideally emit 
a spherical wavefront, which is apparent in the simulation. 
Additional scatterers are placed in other parallel planes 
where desired, and eventually the simulated wavefront is 
inverted such that all scatterers act now as focal points of 
spherical waves in superposition. A similar approach was 
studied by Lohmann in 1969 [32]. The wavefront is then 
inverse-Fourier transformed so as to find the required 
wavefront in the hologram plane. In our case, the longitu-
dinal, optical depth of the hologram z  is much smaller 
than the focal length of the diffraction lens, hence this lens 
provides most of the focusing power and the mask only 
adds small perturbations. Once the electron beam passes 
through the mask, its propagation dynamics in the trans-
verse and longitudinal directions are determined. In Fig. 3a, 
we present the reconstructed 3D model [33]  from a focal 
series measurement. Fig. 3b shows an overview of the dif-
fraction plane with the zero order blocked and first diffrac-
tion orders (bright blobs) showing at the edges. Intensity-
wise, the holographic reconstruction and its conjugate ap-
pear and behave identically in this case, since the lattice is 
symmetrically positioned on both sides (along z) of the 
diffraction plane. Fig. 3c-d shows two different planes of 
the lattice at focus; there, the electron count in the traps is 
about 700 times larger than the background (in an exposure 
time of 250ms). Further optimization of the diffracted in-
tensity can be done by using different fabrication methods, 
e.g. using phase hologram [8] instead of the amplitude hol-
ogram and more sophisticated holographic encoding tech-
niques. Additional discussion on the scales of our meas-
urements is provided in ‎Appendix B.  
 
Fig. 3: Generation of a face-centered cubic intensity pattern. (a) Recon-
structed 3D model through a focal series. (b) Diffraction pattern showing 
the first diffraction orders (zero order is blocked). (c) Slice from the mid-
dle of the lattice. (d) Slice from the bottom of the lattice. Contrast and 
brightness have been altered for visibility. 
 5. CONCLUSION 
In conclusion, we have demonstrated, for the first time in 
electron optics, the nearly-arbitrary manipulation of the 
electron wave function in 3D, using computer generated 
holograms. Our holograms are based on amplitude masks, 
the fabrication of which fully follows a standard electron 
beam lithography process. The mask consists of a well-
ordered array of gold islands, the advantage of which is 
conductivity and high-Z scattering. The ability to manipu-
late electron beams in 3D heralds important possibilities for 
research in electron microscopy: using a liquid cell holder, 
one could envision spatially and temporally trapping parti-
cles for careful scrutiny, inducing and controlling the rota-
tion of a single particle, and the interesting concept of ma-
terial synthesis by trapping single atoms in a shaped, 3D 
electron matrix, the structure and scale of which could be 
dynamically controlled. The same technique we show here 
can be used to form electron beams with more complex 
shapes, enabling for example the generation of knotted 
electron wave-function [34] and thus enabling to study its 
interaction with different materials. 
APPENDIX A FABRICATION AND 
MEASUREMENT PROCESSES 
In our fabrication process, we employ a fully standard elec-
tron beam lithography scheme, complete with resist, metal 
coating, and liftoff, on thin silicon-nitride membranes. 
First, the membrane is spin-coated with PMMA 950K elec-
tron-beam resist, to reach a layer of about 200nm. The 
membrane is baked at 130 degrees Celsius for 5 minutes on 
a hot plate, and inserted into a Raith 150 e-beam lithogra-
phy system. Then, the encoded hologram is transferred into 
the resist as a matrix of dots with a period of nm120 , 
using a dose of 0.01pC. The sample is 
developed in a 1:3 MIBK:IPA solution for 60 seconds, and 
later coated with 5nm Cr and 25nm Au in an e-beam evap-
orator. Then, lift-off is promptly achieved in an NMP solu-
tion, leaving tiny gold islands which collectively diffract 
the electron wave into many diffraction orders,  along with 
the desired first order. It may be argued that this gold layer 
is insufficient to act as a dominant amplitude-only scatterer, 
and that it also behaves as a strong phase object. However, 
while this may be true, our measurements presented in this 
article deem the argument irrelevant for the fulfillment of 
the purpose of our masks. Figure A.1 shows an example of 
a mask (a) and its diffraction pattern (b) at focus; the dif-
fraction orders are recognizable from the dot matrix basis, 
where the first diffraction orders are in angle rad 8.20 , 
related to the period nm120  in the mask. Around them, 
the 3D spiral modulation is visible in diffraction orders 
with an angle related to the 4  carrier period in the 
mask. 
Our measurements throughout this work are performed as 
follows. We place the amplitude mask on a standard sam-
ple holder, then use low magnification mode to locate the 
90um mask. Additionally, we insert a 100um objective 
aperture, which in this operating mode is optically close 
enough to the image plane to act as a selected-area aper-
ture. We then go to low-angle diffraction mode and focus 
the unscattered, zero order beam, using Condenser 2. Now, 
the objective lens may be used to observe the evolution of 
the diffraction pattern in different planes along the propa-
gation ( z ) axis, on the camera. 
 
 
 
Fig. A.1: Example mask and diffraction pattern. (a) Gold dot matrix on SiN membrane, with a period of nm120 . Insets show the full m90  mask 
and a high-magnification image of the gold nano islands. (b) Diffraction pattern showing the Archimedean spiral, relating the diffraction orders to the 
mask’s periodicity. Inset shows multiple diffraction orders in low angle diffraction. Contrast and brightness have been altered for visibility. 
 In general, additional orders may be filtered, if so desired, 
by placing a selecting-area aperture in an image of the dif-
fraction plane. These could be used for an application re-
quiring spatial multiplications, though in such a case a bet-
ter option would be to resort to Dammann gratings [35,36]. 
It is worth noting that when dealing with 3D shaping and 
diffractive elements in general, such multiplications may 
also manifest in the longitudinal direction (see e.g. [37]). 
For the goal of this paper, we are only interested in the vol-
ume containing our 3D-shaped beam, which we will exclu-
sively investigate next. 
APPENDIX B AXES CALIBRATION 
Our electron microscope, the Tecnai F20 operating at 
200kV ( pm5.2 ), is equipped with a Gatan Oneview 
camera having a 4K sensor. The mask is illuminated with a 
near-parallel beam, its diameter nearing mD 100 , and 
we assume a focal length of cmf 10  for the diffraction 
lens (which acts as the imaging lens in this mode). Thus, 
the numerical aperture is calculated to be 
radfD  5002/  . The first diffraction order is separat-
ed by an angle rad 21/  , where cf/1  is the 
carrier modulation period. To directly measure the magni-
fication to the CCD, we first calculate the theoretical, un-
magnified distance between the zero and first diffraction 
order: mfx  1.2 . Given the physical pixel size on the 
CCD, mpx 15 , and the number of pixels actually meas-
ured, we deduce the magnification to be 21500M .  
 
Figure B.1: Geometrical representation of the optical system and associat-
ed quantities used for axes calibration. “  -plane” refers to the plane at a 
distance   from the focused diffraction pattern where the zero and first 
order begin to overlap. Note: figure is not to scale. 
By simple geometrical calculation (see Figure B.1), the 
distance from the focal plane in which the zero and first 
order begin to overlap can be expressed in several equiva-
lent ways:  
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In our case, we find that mm06.2 . Since during meas-
urement we only slightly change the objective lens (less 
than 0.1% in the  -plane), the magnification, which 
strongly depends only on the lenses below the diffraction 
lens, is constant. We have corroborated this assumption by 
calculating the zero order beam’s diameter: 
mfDd 06.2/  , and measuring it directly on the CCD 
using its pixel size. Considering the magnification above, 
this results in m15.2 , where at least some of the deviation 
may be attributed to the our basic assumption on the dif-
fraction lens’s focal length. 
Using the Oneview camera, we were able to record real-
time movies of the focal series (available online). This was 
achieved by changing the objective lens at constant speed 
(controlled by a Free Lens software), and taking images at 
4 frames per second, with integration time of 0.25sec. This 
was done from the  -plane to the inverse  -plane, i.e. 
below the diffraction plane. For the chosen speed and inte-
gration time, we recorded 172 frames between the  -plane 
and the diffraction plane, yielding a longitudinal resolution 
of mz  12172/  . Finally, the transverse resolution in 
our experimental system is simply deduced by 
pmMpxx 700/  . It is important to note that, while the 
maximal recordable size on the CCD is thus 
mx  87.24096  , the maximal spatial bandwidth in the 
diffraction plane is restricted by fabrication through   and 
our encoding method’s carrier frequency through  . An 
estimate may be given by demanding that diffraction orders 
do not overlap, leading to the relaxed limitation 
mspBW 05.1 , which amounts to less than 37% of the 
CCD. From these results, it is obvious that by using low 
magnification mode it would be difficult to fabricate and 
measure 3D structures of equal scales in all axes. A possi-
ble solution to this problem is to transfer the mask to the 
C2 aperture, where much higher magnifications of the dif-
fraction pattern and larger numerical apertures may be 
achieved. 
APPENDIX C REAL-TIME VIDEO RECORDINGS 
Movie C.1 (online): a real-time recording (continuous focal 
series) of the three-dimensional Archimedean spiral, as 
measured in our TEM. The movie shows both image and its 
conjugate spiral, swirling in opposite (z) directions. Besides 
being asymmetric in z, The spirals are slightly shifted from 
the position of the diffraction plane (in z), and thus we see 
them in focus at different planes relative to one another. 
Contrast and brightness have been altered for visibility. 
 
Movie C.2 (online): a real-time recording (continuous focal 
series) of one diffraction order of the FCC-like lattice pat-
tern. The non-circular behavior of the spots when out of 
focus is a result of charged contamination on the edges of 
our objective aperture. Contrast and brightness have been 
altered to better visualize the converging and diverging 
beams; the electron counts in focused spots is about 700 
 times that of the background (in an exposure time of 
250ms). 
FUNDING 
The work was supported by the Israel Science Foundation, 
grant no. 1310/13, and by the German-Israeli Project coop-
eration (DIP). 
REFERENCES 
[1]  L. Allen, M.W. Beijersbergen, R.J.C. Spreeuw, J.P. 
Woerdman, Orbital angular momentum of light and the 
transformation of Laguerre-Gaussian laser modes., Phys. 
Rev. A. 45 (1992) 8185–8189. 
[2]  K. Bliokh, Y. Bliokh, S. Savel’ev, F. Nori, Semiclassical 
Dynamics of Electron Wave Packet States with Phase 
Vortices, Phys. Rev. Lett. 99 (2007) 190404. 
[3]  M. Uchida, A. Tonomura, Generation of electron beams 
carrying orbital angular momentum., Nature. 464 (2010) 
737–739. 
[4]  J. Verbeeck, H. Tian, P. Schattschneider, Production and 
application of electron vortex beams., Nature. 467 (2010) 
301–304. 
[5]  B.J. McMorran, A. Agrawal, I.M. Anderson, A.A. Herzing, 
H.J. Lezec, J.J. McClelland, et al., Electron vortex beams 
with high quanta of orbital angular momentum., Science. 
331 (2011) 192–195. 
[6]  N. Voloch-Bloch, Y. Lereah, Y. Lilach, A. Gover, A. Arie, 
Generation of electron Airy beams., Nature. 494 (2013) 331–
335. 
[7]  V. Grillo, E. Karimi, G.C. Gazzadi, S. Frabboni, M.R. 
Dennis, R.W. Boyd, Generation of Nondiffracting Electron 
Bessel Beams, Phys. Rev. X. 4 (2014) 011013. 
[8]  R. Shiloh, Y. Lereah, Y. Lilach, A. Arie, Sculpturing the 
electron wave function using nanoscale phase masks, 
Ultramicroscopy. 144 (2014) 26–31. 
[9]  R. Gerchberg, A practical algorithm for the determination 
of phase from image and diffraction plane pictures, Optik 
(Stuttg). 35 (1972). 
[10]  J.R. Fienup, Phase retrieval algorithms: a personal tour 
[Invited]., Appl. Opt. 52 (2013) 45–56. 
[11]  T. Gnanavel, J. Yuan, M. Babiker, Observation of gold 
nanoparticles movements under sub-10 nm vortex electron 
beams in an aberration corrected TEM (a)(c), Proc. 15th …. 
(2012). 
[12]  J. Verbeeck, H. Tian, G. Van Tendeloo, How to manipulate 
nanoparticles with an electron beam?, Adv. Mater. 25 (2013) 
1114–7. 
[13]  S. Iijima, T. Ichihashi, Structural instability of ultrafine 
particles of metals, Phys. Rev. Lett. (1986). 
[14]  J. Kim, S. Cha, K. Shin, Synthesis of gold nanoparticles 
from gold (I)-alkanethiolate complexes with 
supramolecular structures through electron beam 
irradiation in TEM, J. Am. …. (2005) 9962–9963. 
[15]  S. Sepulveda-Guzman, N. Elizondo-Villarreal, D. Ferrer,  a 
Torres-Castro, X. Gao, J.P. Zhou, et al., In situ formation of 
bismuth nanoparticles through electron-beam irradiation 
in a transmission electron microscope, Nanotechnology. 18 
(2007) 335604. 
[16]  A. Ashkin, Acceleration and trapping of particles by 
radiation pressure, Phys. Rev. Lett. (1970) 24–27. 
[17]  A. Ashkin, History of optical trapping and manipulation of 
small-neutral particle, atoms, and molecules, IEEE J. Sel. 
Top. Quantum …. 6 (2000) 841–856. 
[18]  A. Jonás, P. Zemánek, Light at work: the use of optical 
forces for particle manipulation, sorting, and analysis., 
Electrophoresis. 29 (2008) 4813–51. 
[19]  J. Verbeeck, H. Tian, P. Schattschneider, Production and 
application of electron vortex beams., Nature. 467 (2010) 
301–304. 
[20]  K. Saitoh, Y. Hasegawa, K. Hirakawa, N. Tanaka, M. 
Uchida, Measuring the Orbital Angular Momentum of 
Electron Vortex Beams Using a Forked Grating, Phys. Rev. 
Lett. 111 (2013) 74801. 
[21]  T. R Harvey, J. S Pierce, A. K Agrawal, P. Ercius, M. Linck, 
B.J. McMorran, Efficient diffractive phase optics for 
electrons, New J. Phys. 16 (2014) 093039. 
[22]  J. Harris, V. Grillo, E. Mafakheri, G. Carlo, S. Frabboni, 
R.W. Boyd, et al., Structured Quantum Waves, (n.d.) 1–18. 
[23]  V. Grillo, G. Carlo Gazzadi, E. Karimi, E. Mafakheri, R.W. 
Boyd, S. Frabboni, Highly efficient electron vortex beams 
generated by nanofabricated phase holograms, Appl. Phys. 
Lett. 104 (2014) 043109. 
[24]  B. Brown, A. Lohmann, Complex spatial filtering with 
binary masks, Appl. Opt. 5 (1966) 967–969. 
[25]  W. Lee, Binary computer-generated holograms, App. Opt. 
18 (1979) 3661. 
[26]  S. Lee, Y. Roichman, D. Grier, Optical solenoid beams, 
Opt. Express. 176 (2010) 1974–1977. 
[27]  E. Abramochkin, V. Volostnikov, Spiral-type beams  : 
optical and quantum aspects, 125 (1995) 302–323. 
[28]  E. Abramochkin, V. Volostnikov, Spiral light beams, 
Physics-Uspekhi. 1177 (2004). 
[29]  J.A. Rodrigo, T. Alieva, E. Abramochkin, I. Castro, Shaping 
of light beams along curves in three dimensions, 21 (2013) 
716–720. 
[30]  J. Park, H. Elmlund, P. Ercius, J.M. Yuk, D.T. Limmer, Q. 
Chen, et al., 3D structure of individual nanocrystals in 
solution by electron microscopy, Science (80-. ). 349 (2015) 
290–295. 
[31]  T. Latychevskaia, H.-W. Fink, Inverted Gabor holography 
principle for tailoring arbitrary shaped three-dimensional 
beams., Sci. Rep. 6 (2016) 26312. 
[32]  B. Brown, A. Lohmann, Computer-generated binary 
holograms, IBM J. Res. …. (1969). 
[33]  J. Schindelin, I. Arganda-Carreras, E. Frise, V. Kaynig, M. 
Longair, T. Pietzsch, et al., Fiji: an open-source platform for 
biological-image analysis, Nat. Methods. 9 (2012) 676–682. 
[34]  M.R. Dennis, R.P. King, B. Jack, K. O’Holleran, M.J. 
Padgett, Isolated optical vortex knots, Nat. Phys. 6 (2010) 
118–121. 
[35]  H. Dammann, K. Görtler, High-efficiency in-line multiple 
imaging by means of multiple phase holograms, Opt. 
Commun. 3 (1971) 5–8. 
[36]  J. Jahns, M.M. Downs, M.E. Prise, N. Streibi, S.J. Walker, 
Dammann Gratings For Laser Beam Shaping, Opt. Eng. 28 
(1989). 
[37]  K. Saitoh, Y. Hasegawa, N. Tanaka, M. Uchida, Production 
of electron vortex beams carrying large orbital angular 
momentum using spiral zone plates., J. Electron Microsc. 
(Tokyo). 61 (2012) 171–177. 
7 
 
 
 
